Abstract. Lattice Quantum Chromodynamics (LQCD) studies of light nuclei have entered an era when first results on structure and reaction properties of light nuclei have emerged in recent years, complementing existing results on their lowest-lying spectra. Although in these preliminary studies the quark masses are still set to larger than the physical values, a few results at the physical point can still be deduced from simple extrapolations in the quark masses. The progress paves the road towards obtaining several important quantities in nuclear physics, such as nuclear forces and nuclear matrix elements relevant for pp fusion, single and double-β decay processes, neutrino-nucleus scattering, searches for CP violation, nuclear response in direct dark-matter detection experiments, as well as gluonic structure of nuclei for an Electron-Ion Collider (EIC) program. Some of the recent developments, the results obtained, and the outlook of the field will be briefly reviewed in this talk, with a focus on results obtained by the Nuclear Physics From LQCD (NPLQCD) collaboration.
One the Goals and Impact of a LQCD Program for Nuclear Physics
The standard approach in nuclear structure and reaction theory has shifted from relying on phenomenological nuclear potentials to studies based on nuclear effective field theories (EFTs), hence providing a systematic way to assess uncertainties of a calculation. In order for this program to succeed, not only the nuclear EFTs must offer a valid power counting with convergent and renormalization-scale independent results, but also their multitude of low-energy coefficients (LECs) must be fit to experiment, so the EFTs can acquire a predictive power. In situations where experimental data are scarce or nonexistent, such as multi-neutron and hyperon-nucleon interactions, nuclear effects in the response of a nucleus to external probes, or nuclear matrix elements for the neutrinoless double-β decay of a nucleus, studies based on the underlying theory of quantum chromodynamics (QCD) are essential. Reliable predictions for a number of grand-challenge problems in nuclear physics (a few examples of which are enumerated in the chart in Fig. 1 ) will benefit from a coherent program in nuclear theory, in which the input from the underlying theory of QCD in the few-body sector provides the stepping stone for a nuclear many-body study based upon the constrained EFTs. A roadmap of this program is depicted in Fig. 1 .
The only reliable method that enables QCD determination of observables in nuclear physics is LQCD, a method that relies on Monte Carlo sampling of the quantum fields in QCD, and provides n-point correlation functions obtained in a finite discretized Euclidean spacetime. Physical observables can be obtained in a systematic way using various extrapolations, or in the case of scattering amplitudes and transition rates, through mappings between the finite and infinite-volume theory. Heroic effort has been devoted in recent years to studies of multi-nucleon systems, considering the great computational complexity of these studies, and impressive progress has been made. While this short review can not do justice to the wealth of the results obtained in this area, I will focus on selected results by the NPLQCD collaboration on hadronic interactions, nuclear structure and nuclear reactions from LQCD. For a recent review of multi-nucleon physics from LQCD, see Refs. [1] .
Hadronic Interactions
Constraining nuclear and hypernuclear forces remains a central component of research in nuclear physics. This effort complements experiments on neutronrich isotopes, and provides the input to research on the nature of dense matter in astrophysical environments. A milestone for nuclear physics from LQCD was reached in 2012 when the emergence of light nuclei and hypernuclei from QCD was demonstrated in Ref. [2] , albeit at larger-than-physical values of the quark masses, Fig. 2 . This was enabled by algorithmic advances in forming nuclear correlation functions based on Refs. [3, 4] and the availability of computational resources. Such spectral studies at closer-to-physical values of the quark masses have since been conducted and appear promising. Further, a leap in the application of LQCD to nuclear physics was the realization [5] that large unnatural scattering lengths in two-nucleon systems is not an impediment in applying the powerful Luscher's method [6] -a method that turns the finite-volume spec-◻ ◻ 25 determined in three volumes, a controlled extrapolation to infinite volume is possible in the present work. Fitting to the truncated form of the FV QC for negative k ⇤2 values, Eq. (8), the infinitevolume binding momenta,  (1) , can be obtained in each channel. These results are presented in Table III for measurements with d = (0, 0, 0) and (0, 0, 2), with complete agreement seen between the two determinations. The bootstrap samples of extracted  (1) values from each case can be combined to obtain a conservative estimate of the binding momenta and their uncertainties, given in the last row of Table III . The omitted terms in the truncated form in Eq. (8) are negligible as e p 3 (1) L is at most ⇠ 10 3 for the channels belonging to the 27, 10 and 8 A irreps. The stability of the extracted binding momenta has been verified by excluding lower-order terms and by adding higher-order terms to the fits. Table III also includes the  (1) values for the channels belonging to the 10 irrep. As is seen from Fig. 11 , the ground-state energy in the largest volume is close to threshold. Nonetheless, assuming that there is a bound state in this channel, a determination of  (1) based on the fit to Eq. (8) is fully consistent with the ground-state energies at the largest volume, as well as with the location of the pole in the scattering amplitude. From these results, the existence of a bound state in the 10 irrep cannot be confirmed or excluded with statistical significance. Future calculations with higher statistics are needed in order to draw robust conclusions about the nature of the ground state in the 10 irrep.
In physical units, the binding energies of these states are:
27 irrep: B = 20.6
(+1.8) ( 2.4) (+2.8)
10 irrep: B = 27.9
(+3.1) ( 2.3) (+2.2)
10 irrep: B = 6.7
(+3.3) ( 1.9) (+1.8) 
where B = 2
Again, the first uncertainty is statistical and the second uncertainty encompasses both a fitting uncertainty and an uncertainty encoding variation among multiple analyses. The uncertainty in the lattice spacing is small compared with other uncertainties. These binding energies are consistent with our previous determination in Ref. [20, 21] , and with the binding energies obtained on the same ensembles of gauge-field configurations in Ref. [99] for the ground states of the two-nucleon channels in the 27 and 10 irreps.
S-wave baryon-baryon interactions and naturalness
Interactions are considered unnatural if they give rise to some characteristic length scale of the system that is much larger than their range. There are at least two measures to assess naturalness in a two-particle system. For scattering states at low energies, scattering length defines a characteristic length scale, and the range of interactions can be approximated by the effective range. As an example, S-wave interactions in the spin-singlet and spin-triplet two-nucleon channels in nature produce effective range to scattering length ratios, r/a, that are ⇡ 0.14 and ⇡ 0.32, respectively. This indicates that both channels are unnatural, particularly the spin-singlet channel. When interactions support a bound state, another characteristic length scale of the two-particle system is the inverse of the binding momentum, which defines an intrinsic size for the bound state. Considering volume binding momenta,  (1) , can be obtained in each channel. These results are presented in Table III for measurements with d = (0, 0, 0) and (0, 0, 2), with complete agreement seen between the two determinations. The bootstrap samples of extracted  (1) values from each case can be combined to obtain a conservative estimate of the binding momenta and their uncertainties, given in the last row of Table III . The omitted terms in the truncated form in Eq. (8) (1) L is at most ⇠ 10 3 for the channels belonging to the 27, 10 and 8 A irreps. The stability of the extracted binding momenta has been verified by excluding lower-order terms and by adding higher-order terms to the fits. Table III also includes the  (1) values for the channels belonging to the 10 irrep. As is seen from Fig. 11 , the ground-state energy in the largest volume is close to threshold. Nonetheless, assuming that there is a bound state in this channel, a determination of  (1) based on the fit to Eq. (8) is fully consistent with the ground-state energies at the largest volume, as well as with the location of the pole in the scattering amplitude. From these results, the existence of a bound state in the 10 irrep cannot be confirmed or excluded with statistical significance. Future calculations with higher statistics are needed in order to draw robust conclusions about the nature of the ground state in the 10 irrep.
10 irrep:
Again, the first uncertainty is statistical and the second uncertainty encompasses both a fitting uncertainty and an uncertainty encoding variation among multiple analyses. The uncertainty in the lattice spacing is small compared with other uncertainties. These binding energies are consistent with our previous determination in Ref. [20, 21] , and with the binding energies obtained on the same ensembles of gauge-field configurations in Ref.
[99] for the ground states of the two-nucleon channels in the 27 and 10 irreps.
Interactions are considered unnatural if they give rise to some characteristic length scale of the system that is much larger than their range. There are at least two measures to assess naturalness in a two-particle system. For scattering states at low energies, scattering length defines a characteristic length scale, and the range of interactions can be approximated by the effective range. As an example, S-wave interactions in the spin-singlet and spin-triplet two-nucleon channels in nature produce effective range to scattering length ratios, r/a, that are ⇡ 0.14 and ⇡ 0.32, respectively. This indicates that both channels are unnatural, particularly the spin-singlet channel. When interactions support a bound state, another characteristic length scale of the two-particle system is the inverse of the binding momentum, which defines an intrinsic size for the bound state. Considering 25 determined in three volumes, a controlled extrapolation to infinite volume is possible in the present work. Fitting to the truncated form of the FV QC for negative k ⇤2 values, Eq. (8), the infinitevolume binding momenta,  (1) , can be obtained in each channel. These results are presented in Table III for measurements with d = (0, 0, 0) and (0, 0, 2), with complete agreement seen between the two determinations. The bootstrap samples of extracted  (1) values from each case can be combined to obtain a conservative estimate of the binding momenta and their uncertainties, given in the last row of Table III . The omitted terms in the truncated form in Eq. (8) are negligible as e p 3 (1) L is at most ⇠ 10 3 for the channels belonging to the 27, 10 and 8 A irreps. The stability of the extracted binding momenta has been verified by excluding lower-order terms and by adding higher-order terms to the fits. Table III also includes the  (1) values for the channels belonging to the 10 irrep. As is seen from Fig. 11 , the ground-state energy in the largest volume is close to threshold. Nonetheless, assuming that there is a bound state in this channel, a determination of  (1) based on the fit to Eq. (8) is fully consistent with the ground-state energies at the largest volume, as well as with the location of the pole in the scattering amplitude. From these results, the existence of a bound state in the 10 irrep cannot be confirmed or excluded with statistical significance. Future calculations with higher statistics are needed in order to draw robust conclusions about the nature of the ground state in the 10 irrep.
Interactions are considered unnatural if they give rise to some characteristic length scale of the system that is much larger than their range. There are at least two measures to assess naturalness in a two-particle system. For scattering states at low energies, scattering length defines a characteristic length scale, and the range of interactions can be approximated by the effective range. As an example, S-wave interactions in the spin-singlet and spin-triplet two-nucleon channels in nature produce effective range to scattering length ratios, r/a, that are ⇡ 0.14 and ⇡ 0.32, respectively. This indicates that both channels are unnatural, particularly the spin-singlet channel. When interactions support a bound state, another characteristic length scale of the two-particle system is the inverse of the binding momentum, which defines an intrinsic size for the bound state. Considering 25 determined in three volumes, a controlled extrapolation to infinite volume is possible in the present work. Fitting to the truncated form of the FV QC for negative k ⇤2 values, Eq. (8), the infinitevolume binding momenta,  (1) , can be obtained in each channel. These results are presented in Table III for measurements with d = (0, 0, 0) and (0, 0, 2), with complete agreement seen between the two determinations. The bootstrap samples of extracted  (1) values from each case can be combined to obtain a conservative estimate of the binding momenta and their uncertainties, given in the last row of (1) L is at most ⇠ 10 3 for the channels belonging to the 27, 10 and 8 A irreps. The stability of the extracted binding momenta has been verified by excluding lower-order terms and by adding higher-order terms to the fits.
Table III also includes the  (1) values for the channels belonging to the 10 irrep. As is seen from Fig. 11 , the ground-state energy in the largest volume is close to threshold. Nonetheless, assuming that there is a bound state in this channel, a determination of  (1) based on the fit to Eq. (8) is fully consistent with the ground-state energies at the largest volume, as well as with the location of the pole in the scattering amplitude. From these results, the existence of a bound state in the 10 irrep cannot be confirmed or excluded with statistical significance. Future calculations with higher statistics are needed in order to draw robust conclusions about the nature of the ground state in the 10 irrep.
Interactions are considered unnatural if they give rise to some characteristic length scale of the system that is much larger than their range. There are at least two measures to assess naturalness in a two-particle system. For scattering states at low energies, scattering length defines a characteristic length scale, and the range of interactions can be approximated by the effective range. As an example, S-wave interactions in the spin-singlet and spin-triplet two-nucleon channels in nature produce effective range to scattering length ratios, r/a, that are ⇡ 0.14 and ⇡ 0.32, respectively. This indicates that both channels are unnatural, particularly the spin-singlet channel. When interactions support a bound state, another characteristic length scale of the two-particle system is the inverse of the binding momentum, which defines an intrinsic size for the bound state. Considering Fig. 3 . Low-energy scattering phase shifts of various two octet-baryon channels along with the binding energy of the lowest-lying states, obtained with LQCD at larger-thanphysical values of the quark masses [7] . tra obtained from LQCD to scattering amplitudes in the two-(and in recent extensions of the method to three-) body scattering amplitudes.
A recent example of such application is shown in Fig. 3 , in which the SU(3) flavor-symmetric s-wave scattering phase shifts and the ground-state binding energies in four different scattering channels, corresponding to representative flavor channels N N (
, were constrained, albeit at larger-than-physical values of the quark masses [7] . An interesting finding, arrived at by the observation of nearly identical scattering lengths and effective ranges in the four SU(3) flavor-symmetric channels, is that the low-energy interactions among two octet baryons exhibit not only a SU(6) spin-flavor symmetry that is argued to exist in QCD in the limit of a large number of colors [8] , but also an extended SU(16) symmetry, which is now conjectured to be in place to minimize the entangling power of the S-matrix at low energies [9] . Further, this study demonstrates the matching between LQCD output and the EFT LECs, a program that can enable studies of larger systems of nucleons currently not accessible directly with LQCD. 
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Nuclear Structure
Investigations into the structure of hadrons and nuclei aim to provide further insight into the nature of strong dynamics. They are further essential in interpreting the outcome of high-energy collider experiments by providing a more accurate picture of the internal structure of the colliding protons or heavy ions. Like in experiment, certain electromagnetic (EM) properties of hadrons, such as magnetic moment, electric and magnetic polarizabilities and charge radii, can be deduced in a LQCD calculation from the response of the hadron to external EM fields. Such studies have been extended to light nuclei in recent years. As is shown in Fig. 4 , the shift in the lowest finite-volume energy of proton, neutron, deuteron, 3 He and 3 H in an external magnetic field are used to deduce their magnetic moment, albeit at a larger-than-physical value of the quark masses [10] . When expressed in units of natural nuclear Magneton defined with the mass of the nucleon/nuclei at the corresponding value of the quark masses, they are surprisingly close to their values in nature, suggesting that much of the quark-mass dependence of the magnetic moment is captured by the quark-mass dependence of the mass. Additionally, it is observed that as in nature, nuclei at such large values of the quark masses still appear to behave as a collection of the nucleons, i.e., they can be described by a shell-model picture.
A further motivation for a nuclear structure program from LQCD is in supporting experiments in Fundamental Symmetries and Searches for New Physics. [10] . Given that the CP eak interaction is insu cient to genmatter-anti-matter asymmetry of the exact CPT invariance and baryonetry of the initial conditions), many sought to measure permanent EDMs ch sources. Even with a successful permanent EDM, fully disentangling violation requires multiple observperiments searching for EDMs of light anning stages [69-71]. Nuclear e↵ects e have not been previously observed; lved for the first time and found to cent level for A  3 at these quark modification of the axial charge in nut the 1-2% level for both the isoscalar inations. The isovector 3 He charge is lues extracted from measurements of ium [72] and is more precise than our . Nuclear e↵ects in the axial charges that nuclear modification of the spine function may be significantly di↵er-cation of the spin-independent struc-75]. The small deviation resolved in that quarks in nuclei carry a di↵erent l spin than quarks in free nucleons. e few-percent nuclear e↵ects seen in al charges, the scalar charges of light ed at the 10% level relative to expecracting nucleons. For the deuteron, the unpolarised gluon PDFs in the j z = ±1 and j z = 0 spin states are not necessarily the same, and the first Mellin moment of the di↵erence is determined by c 2 is not resolvable from zero for either ensemble, as shown in Fig. 8 . Taking the size of the uncertainties at t = 7 as a bound on the size of the unrenormalised c
, it is apparent that c For the deuteron, the unpolarised gluon PDFs in the j z = ±1 and j z = 0 spin states are not necessarily the same, and the first Mellin moment of the di↵erence is determined by c 2 is not resolvable from zero for either ensemble, as shown in Fig. 8 . Taking the size of the uncertainties at t = 7 as a bound on the size of the unrenormalised c
, it is apparent that c For the deuteron, the unpolarised gluon PDFs in the j z = ±1 and j z = 0 spin state not necessarily the same, and the first Mellin moment of the di↵erence is determined by c Eq. (8) . Through appropriate combinations of the averaged ratios R d for di↵erent polarisa and momenta, c . Depicted in left is the deviation of the matrix element h|qΓ q|h from that in a noninteracting model of nucleons.qΓ q denotes scalar, axial and tensor quark bilinear currents and h = {d, pp, 3 He}. Depicted in right is the ratio of the gluon momentum fraction in select light nuclei to that of the single nucleon, obtained from LQCD at larger-than-physical values of the quark masses [11] . In the right panel, blue and orange colors correspond to two different sink operators in forming the correlation functions. For a detailed description of quantities, see Refs. [11, 12] .
For example, LQCD studies of the matrix elements of scalar, axial and tensor currents in light nuclei can determine how significant nuclear effects (those arising from the fact that a nucleus is more than a collection of nearly noninteracting nucleons) are for current and future searches for CP violation in nuclei, in the single and double-β decay of a large nucleus and in the direct searches for dark matter candidates using heavy isotope as targets. This is enabled through matching the LQCD results in the few-body sector to the corresponding EFT description of these processes, a process that can constrain unknown two and multi-nucleon short-distance effective couplings of the EFT, see Fig. 1 . A first LQCD study of scalar, axial and tensor quark-bilinear currents in light nuclei was performed in Ref. [11] at a large value of the quark masses (see the left panel of Fig. 5 ), and found nonnegligible nuclear effects in the scalar matrix element. Fig. 6 . The background magnetic field breaks the (near) degeneracy of two-nucleon systems in a LQCD calculation (left). This gives access to the nuclear matrix element for the M1 magnetic transition in the radiative capture process np → dγ, and constrains the two-nucleon short-distance coupling of the pionless EFT, L1, (right) [13] .
If this conclusion persists at the physical values of the quark masses, significant nuclear effects may need to be accounted for in obtaining the cross section of nuclear targets with dark-matter candidates in scalar portals.
Finally, LQCD enables gluonic probes of nuclear structure, promising a growing program that can provide the theoretical support for an EIC in upcoming years. Investigations into the role of the gluons in the structure of single hadrons have reached significant milestones in recent years, while in the case of the nuclei, this effort has just been started. The first LQCD determination of select gluonic observables in light nuclei was reported in Ref. [12] , albeit at two unphysically large values of the quark masses, in search for a gluonic analog of the EMC effect, see the right panel of Fig. 5 . These studies demand significant computational resources but are planned to be improved, in scope and precision, in upcoming years.
Nuclear Reactions
While constraining nuclear reaction cross sections appeared to be a distant goal in the early stages of the field, some phenomenologically important reactions in the two-nucleon sector have now been computed from LQCD, albeit at unphysically large values of the quark masses. The first reaction studied is the M1 transition rate in the radiative capture process np → dγ, a primary reaction in big-bang nucleosynthesis, and responsible for forming most of the light nuclei in the cosmos. An important quantity is the two-nucleon short-distance coupling of the pionless EFT, namely L 1 , which quantifies the size of contributions to the rate beyond that induced by the magnetic moment of each of the nucleons. This coupling was constrained by applying an external constant magnetic field in a The ratios of correlation functions that determine the unrenormalized isovector axial matrix element in the Jz = Iz = 0 coupled two-nucleon system (upper panel), and the unrenormalized di↵erence between the axial matrix element in this channel and 2gA (lower panel). The orange diamonds (blue circles) correspond to the SS (SP) e↵ective correlator ratios and the bands correspond to fits to the asymptotic plateau behavior and include the statistical and fitting systematic uncertainties.
matrix elements and transition amplitudes requires the framework developed in Refs. [62, 63] .
To isolate the two-body contribution, the combination L sd 2b 1,A (t)/Z A = [R3 S1, 1 S0 (t) 2R p (t)]/2 is formed as shown in the lower panel of Fig. 3 . Taking advantage of the near-degeneracy of the 3 S 1 and 1 S 0 two-nucleon channels at the quark masses used in this calculation, it is straightforward to show that this correlated di↵erence leads directly to the short-distance two-nucleon quantity, L sd 2b 1,A . Fitting a constant to the late-time behavior of this quantity leads to
where the first uncertainty is statistical and the second encompasses fitting and analysis systematics. In light of the mild quark-mass dependence of the analogous short-distance, two-body quantity contributing to
is likely to be largely insensitive to the pion mass between m ⇡ ⇠ 806 MeV and its physical value. This approximate independence and the associated systematic uncertainty will need to be refined in subsequent calculations. Based on this expectation, the result obtained here at m ⇡ ⇠ 806 MeV is used to estimate the value of L sd 2b 1,A at the physical pion mass by including an additional 50% additive uncertainty. Propagating this uncertainty through Eq. (8), the threshold value of ⇤(p) in this system at the physical quark masses is determined to be ⇤(0) = 2.659(2)(9)(5), where the uncertainties are statistical, fitting and analysis systematic, and quark-mass extrapolation systematic, re certainties in the scattering parameters a cal mass inputs are also propagated and systematic uncertainty. This result is rem the currently accepted, precise phenome ⇤(0) = 2.65(1) [11] (see also Ref.
[64]). tion of Ref. [4] , when enhanced by the su e↵ective ranges to all orders using the di proach [10, 59 , 60], gives ⇤(0) = 2.62(1) + enabling a determination of the ⇡ /EFT c L 1,A = 3.9(0.2)(1.0)(0.4)(0.9) at a renormalization scale µ = m ⇡ . T are statistical, fitting and analysis syste trapolation systematic, and a power-co of higher order corrections in ⇡ /EFT, res value is also very close to previous pheno timates, as summarized in Refs. [11, 14] .
Summary:
The primary results of th isovector axial-current matrix elements in nucleon systems calculated directly fro ing theory of the strong interactions usi These matrix elements determine the cros pp fusion process pp ! de + ⌫ and the Ga tribution to tritium -decay, 3 H ! 3 He calculations are performed at unphysica corresponding to m ⇡ ⇠ 806 MeV and at spacing and volume, the mild mass dep analogous short-distance quantity in the netic transition enables an estimate of matrix element at the physical point, an found to agree within uncertainties wi ogy. Future LQCD calculations includ netic e↵ects beyond Coulomb at lighte with isospin splittings, larger volumes, a spacings, making use of the new techniq troduced here, will enable extractions of trix elements with fully quantified uncer be of great importance in phenomenolog creasingly precise values for the pp-fusi and GT matrix element in tritium -dec Beyond the current study, background culations also allow the extraction of s well as momentum-dependent, response Second-order responses are important nuclear -decay matrix elements, both out (for a light Majorana neutrino) the em ated neutrinos. Momentum-dependent a fields will allow the determination of n neutrino-nucleus scattering. In both case lations of these quantities in light nuclei tal input with which to constrain the nuc methods that are used to determine the for these processes in heavy nuclei. . For a detailed description of quantities, see Ref. [14] .
LQCD calculation to induce a transition between the two-nucleon isosinglet and isotriplet channels, at two unphysically large values of the quark masses, and was extrapolated to the physical values of the quark masses, giving rise to a cross section consistent with the experimental value [13] . Perhaps a more phenomenologically interesting and less-known cross section is that of the weak counterpart of the process above. This is the pp fusion process at low incident velocities, which is relevant for the energy production in sun. Here, there remains a large uncertainty on the value of the two-nucleon short-distance coupling of the pionless EFT, namely L 1,A , which is planned to be reduced to the few-percent level using the MuSun experiment. This coupling was calculated in a recent LQCD calculation from a direct evaluation of the corresponding matrix element at a large value of the quark masses, see Fig 7, and under the assumption of a mild dependence on the quark masses, was extrapolated to the physical point [14] . The obtained value was found consistent with the current phenomenological value. This study will be improved in the upcoming years towards the physical values of the quark masses.
Another milestone in the area of nuclear reactions from LQCD is the study of a doubly-weak process, namely the neutrinoifull double-β decay. In a recent study, the matrix element for the nn → pp transition was calculated, and both the long-distance contribution (arising from a deuteron pole in the intermediate state) and the short-distance contribution to the process were isolated, albeit at a large value of the quark masses, see Fig. 8 . A new short-distance twonucleon doubly-weak coupling of the pionless EFT was identified for the first time and its value was constrained in this study [15, 16] . It was concluded that the contribution from this coupling to the matrix element was comparable to the statistically-cleaner SP results are used for the fits shown below). The results obtained for R nn!pp (t) andR nn!pp (t) are shown in Fig. 5 for both the SS and SP source-sink combinations. Comparing Fig. 5(b) with Fig. 5(a) (note the di↵erent scales) , it is clear that the subtracted long- nn!pp(t), the sum of the long-distance and short-distance contributions to the matrix element. In both panels, the orange diamonds and blue circles correspond to the SS and SP results, respectively. The horizontal bands denote fits to the SP results at late times, used to extract the final values of the matrix elements. NORMALISE by g alter the results herein. In the future it will be important to investigate these limitations of the current work. DISCUSS FURTHER
V. SECOND-ORDER WEAK PROCESSES IN PIONLESS EFT
In this section, the results of the LQCD calculations are matched to EFT(⇡ /), and explicitly used to determine the coe cient of a short-distance two-nucleon, second-order weak field operator in the dibaryon formalism. In principle, with this contribution constrained, EFT(⇡ /) can be used to calculate -decay rates of light nuclei at this pion mass. EFT(⇡ /) [19, 49-53] is a natural approach to use at this heavy pion mass as the momenta involved in a 2⌫ decay are small compared with the start of the nucleon-nucleon t-channel cut when isospin breaking and electromagnetic are included (in the current, isospin-symmetric numerical work, the transition is below threshold for massive leptons). At lighter pion masses, including the physical point, and for 0⌫ decay, pionfull EFTs will be required [54] .
A. Review of pionless EFT in the dibaryon approach
At momenta well below the pion mass, |p| ⌧ m ⇡ , the strong interactions of two-nucleon systems, as well as their interactions with external currents, can be systematically studied in the framework of EFT(⇡ /) [19, 50, 52, 53]. As s-wave interactions in the two-nucleon sector drive the system towards an infrared fixed point, they require summation to all orders and generate anomalously large two-nucleon scattering lengths. However, interactions in higher partial waves can be included perturbatively. In the dibaryon formulation of the EFT [53, 55] , this resummation fully dresses the s-wave dibaryon propagators. In terms of the nucleon field, N , and the isosinglet, t i , and isotriplet, nn!pp(t), the sum of the long-distance and short-distance contributions to the matrix element. In both panels, the orange diamonds and blue circles correspond to the SS and SP results, respectively. The horizontal bands denote fits to the SP results at late times, used to extract the final values of the matrix elements. NORMALISE by g alter the results herein. In the future it will be important to investigate these limitations of the current work. DISCUSS FURTHER
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+ tract the matrix elements, while the energy splittings between ground and exited states in both channels are assumed to be large, so that e l 0 t ! 0 and e nt ! 0. If this is not the situation, the correlation functions with background-field insertions on all timeslices cannot be used to unambiguously extract the terms relevant for this analysis. 7 In the numerical calculations discussed below, the requisite hierarchy is found to be satisfied. As the deuteron is lower in energy than the dinucleon external states, and hence gives rise to a growing exponential contribution (after the overall exponential e Ennt is factored out of Eq. (32)), this contribution has been singled out in the summation over states in Eq. (32). The deuteron contribution is close to quadratic in t (it would be exactly quadratic if = 0), and the coe cient of this term is known from the first-order axial response in Eq. (26). Ground-state overlap factors and the overall exponential time dependence can be removed by forming the ratio R nn!pp (t) = C nn!pp (t)
2C
(nn)
which will be investigated in Sec. IV. Using Eq. (32), it is easy to show that this ratio has the form a 2 R nn!pp (t) =  t + e t 1 hpp|J 
where the first term is the long-distance contribution to the matrix element from the deuteron intermediate state and the second term is the short-distance contribution arising from all excited intermediate states coupling to the axial current, i.e., the isotensor axial polarizability as defined in Eq. (4). The coe cients C and D are complicated terms involving ground-state and excited-state overlap factors and matrix elements, as can be read from Eq. (32), but have no time dependence. The critical aspect of Eq. (34) is that both the short-distance and the long-distance contributions can be isolated from the excited external-state contributions through their distinct dependence on time. This form will be used to analyze the numerical correlation functions in Section IV.
C. Finite-volume e↵ects
The initial and final states in the nn ! pp transition are deeply bound degenerate states at the SU (3) flavor-symmetric set of quark masses used in this work, which considerably simplifies the analysis. In addition, the dominant intermediate state that propagates between the two currents is the deuteron, which is close in energy to the nn and pp states, with no other intermediate states able to go on shell at the kinematic threshold. As the deuteron is also a compact bound state in this calculation, there is no complication with regard to finite-volume two-particle states and only exponentially small volume e↵ects are anticipated. A similar problem has been studied in detail in the case of long-distance contributions to the K L -K S mass di↵erence [23] . There, however, a tower of intermediate two-pion states with energies lower than the initial-state kaon must be dealt with explicitly, introducing power-law corrections to the relation between the infinite-volume and finite-volume matrix elements (see also the related discussions of the rare weak processes K ! ⇡⌫⌫ [24, 26] and K ! ⇡`+` [25, 54]). Such calculations will become increasingly di cult as the large volume limit is approached. As the present calculations of two-nucleon matrix elements are 7 Inserting the background field on a range of timeslices separated from the source and sink can address this issue [22] , provided the separation is su ciently large. [15, 16] .
that from the L 1,A coupling, introducing a potential source of modification of the value of an "effective" axial charge in a heavy isotope. It is important to realize that such new short-distance couplings, both in the context of neutrinofull and neutrinoless double-β decays are unknown, and in particular in the latter case, they can only be deduced from a direct LQCD calculation. This strongly motivates a continuation of this program in the upcoming years.
Summary and Outlook
This review was aimed at showcasing a few accomplishments of the field of LQCD for nuclear physics. While most of the studies are still limited to unphysical values of the quark masses (given the significant computational cost of computations at the physical values), formal, numerical and algorithmic advancements have placed the field in a position that spectra, structure and scattering and reaction properties of few-nucleon systems, in a bound or unbound form, can be studies directly from the underlying theory. Given the emergence of exceedingly fine energy scales in the spectrum of larger nuclei and limited precision of LQCD calculations into the future, the complexity of the correlation functions when formed out of quark-level interpolating operators, and the signal-to-noise degradation in the nuclear correlation function due to the presence of lighter states in the theory, the computational complexity of LQCD-based calculations of nuclei increases dramatically with increasing the system's size. As a result, a coordinated effort by the larger community needs to be in place to systematically match experiment and LQCD results in the few-body sector to nuclear EFTs, hence enable studies of systems in the realm of nuclear many-body physics. In the meantime, with the fast and exciting progress in harnessing quantum entanglement to perform highly parallelized computations, the prospect of this alternative approach to classical computation will be investigated by nuclear physicists in the upcoming years [17] , with the ultimate goal of overcoming the impeding sign and signal-to-noise problems inherent in Monte Carlo-based studies of finite-density systems and their real-time dynamics.
